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HIGHLIGHTS 


►  Novel  Pt/Ti  electrode  is  prepared  by  high-energy  micro-arc  cladding  technique. 

►  Pt/Ti  electrode  shows  high  catalytic  activity  and  excellent  anti-poisoning  effect. 

►  Typical  structural  and  chemical  effects  may  be  responsible  for  promising  performance. 
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In  this  paper,  a  novel  Pt-decorated  Ti  electrode  was  prepared  by  a  high-energy  micro-arc  cladding 
(HEMAC)  technique  for  methanol  electro-oxidation  in  alkaline  media.  The  surface  structure,  morphology, 
composition  and  electrocatalytic  properties  were  investigated  by  thin-film  X-ray  diffraction  (TF-XRD), 
scanning  electron  microscopy-energy  dispersive  X-ray  analysis  (SEM-EDX)  and  electrochemical 
measurements.  The  results  show  that  the  Ptarc_depTi  surface  mainly  comprises  Ti,  Pt,  Pt3Ti  and  PtTi3. 
Moreover,  a  coarsening  topographical  morphology  can  be  obtained,  being  composed  of  numerous 
craters/spots  with  sizes  ranging  from  nano-scales  to  several  microns.  The  Ptarc-depTi  alleviates  the  CO 
poisoning  effect  of  methanol  electro-oxidation  with  a  higher  ratio  of  the  forward  anodic  peak  current  (Jf) 
to  the  reverse  anodic  peak  current  (fb).  The  improvement  in  the  catalytic  performance  should  be 
attributed  to  that  the  surrounding  Ti  sites  ameliorate  the  tolerance  to  CO  adsorption  on  Pt  islands.  The 
Ptarc-depTi  electrode  reveals  its  superior  electrocatalytic  performance  toward  methanol  oxidation  and  will 
find  promising  applications  in  fields  of  catalysis,  fuel  cells  and  so  forth. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cell  (DMFC)  has  attracted  great  attention  in 
portable  devices  and  transportation  applications  because  of  its  high 
energy  density,  low  cost,  and  easiness  in  transportation  and  storage 
[1—4],  At  present,  the  Pt  and  PtRu  are  considered  as  the  best  elec¬ 
trocatalysts  for  the  DMFCs,  especially  in  acidic  circumstance. 
Flowever,  the  complete  direct  electro-oxidation  of  methanol  is 
difficult  to  carry  out  due  to  strongly  bound  CO-like  intermediate 
species  in  acid  electrolytes.  Unlike  in  acid,  the  electrode  does  not 
suffer  severely  from  poisoning  in  alkali  because  the  bonding  of 
chemisorbed  intermediates  on  Pt  is  weak  and  the  amount  of 
suggested  poisoning  species  COads  is  smaller  than  that  in  acidic 
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media  [5],  Several  studies  have  also  reported  that  methanol  can  be 
oxidized  more  efficiently  in  alkaline  media  as  compared  to  that  in 
acidic  solution  owing  to  the  presence  of  an  excess  concentration  of 
OH”  ions  [6-8],  In  addition,  the  alkaline  media  (i.e.  KOH)  is  less 
aggressive/corrosive  to  metal  or/and  carbon  than  acid.  And  thus, 
the  less-corrosive  nature  of  an  alkaline  environment  ensures 
a  potential  greater  longevity  and  allows  the  implementation  of 
non-noble  catalysts  (i.e.  nickel  and  stainless  steel),  both  for  the 
cathode  and  the  anode.  Generally,  the  fuel  cell  equations  for  the 
direct  use  of  methanol  with  an  alkaline  electrolyte  are  described 
below  [9]: 

Cathode:  4e“  +  02  +  2H20  -  40H~ 

Anode:  CH3OH  +  20H"  HCHO  +  2H20  +  2e~  (Step  1 ) 

HCHO  +  20H"  HCOOH  +  H20  +  2e“  (Step  2) 


X.  Wang  et  al.  /  Journal  of  Power  Sources  230  (2013)  81-88 


HCOOH  +  20H“  C02  +  2H20  +  2e“  (Step  3) 

However,  one  of  the  main  issues  operating  DMFC  in  the  alkaline 
electrolyte  is  that  the  C02  produced  reacts  with  the  electrolyte  to 
form  carbonate  salts  [10],  For  example,  when  contacting  with  C02, 
KOH  reacts  to  form  potassium  carbonate  (K2CC>3),  thereby  reducing 
the  OH-  concentration.  If  a  significant  reduction  in  the  concen¬ 
tration  of  OH~  ions  occurs,  one  observes  a  reduction  in  the 
ionic-conductivity  of  the  electrolyte  as  well  as  an  increase  of  the 
electrolyte  viscosity.  Additionally,  K2CC>3  precipitates  and  may 
block  gases  pores  and  thus  limit  the  gas  diffusion  inside  the 
catalytic  layer  to  the  active  sites.  Fortunately,  it  should  be  noted 
that  it  is  rarely  to  achieve  such  a  high  concentration  of  I<2C03  at 
a  mild  KOH  bulk  concentration  (i.e.  less  than  ~6M)  at  common 
operating  temperatures  (20— 70  °C)  [11],  Moreover,  precipitation 
can  be  avoided  by  ensuring  a  good  circulation  of  the  electrolyte  as 
well  as  applying  appropriate  modification  of  the  electrode  pore 
structure  [12], 

In  order  to  both  reduce  the  usage  of  precious  metals  and 
increase  the  active  sites,  a  variety  of  low-dimensional  nano¬ 
particles  or  films  are  generally  synthesized  as  basic  catalytic 
electrode  units.  Furthermore,  alloying  Pt  with  other  transition 
metals  M  (such  as  Ni,  Co,  Fe,  etc)  not  only  reduces  Pt  loading,  but 
also  has  a  significant  impact  on  Pt  electrocatalytic  performance 
owing  to  the  intrinsic  alloying  effect  [13,14],  In  previous  papers, 
however,  the  strategies  for  synthesis  of  Pt  or  Pt-based  catalysts 
were  mainly  limited  within  several  liquid-phase-involved  routes 
in  suitable  chloroplatinate-containing  solutions,  such  as 
electrochemical/electro-less  deposition,  hydrothermal  reduction, 
and  so  forth  [15-17], 

Nowadays,  the  high-energy  micro-arc  cladding  (HEMAC)  or 
electro-spark  deposition  (ESD)  process  has  gained  increasing 
interest  as  a  promising  surface  modification  technique  owing  to 
its  efficiency,  simplicity  and  cost-effectiveness  [18,19].  The 
HEMAC  is  essentially  a  surface  pulsed-arc  micro-welding  process, 
in  which  periodic  electric  arcs  are  produced  through  a  conductive 
source  electrode  (positive  pole)  energized  by  a  series  of  capaci¬ 
tors  as  it  is  momentarily  short-circuited  with  the  base  material 
(negative  pole).  During  the  arc  generation  (the  duration  is 
typically  1—10  ps  with  a  maximum  arc  temperature  reaching 
5000—25,000  K  [20]),  the  electrode  material  will  be  partially 
melted  to  form  quantities  of  small  liquid  droplets.  These  droplets 
are  accelerated  through  the  arc,  impact  against  the  base  metal 
substrate,  solidified  rapidly  and  build-up  [21,22],  The  main 
advantage  associated  with  the  HEMAC  process  is  that  the 
metallurgical  bonded  coatings  with  a  strong  adherent  interface 
can  be  produced  with  little  heat  input  to  the  substrate  which 
remains  at  or  near  ambient  temperature.  In  the  past  decades, 
however,  such  an  efficient  surface  modification  strategy  merely 
aroused  attention  in  the  field  of  engineering  materials  (such  as 
anti-wear  coating  deposition  or  repairing). 

It  was  well-documented  that  Ti  would  be  an  ideal  substrate  for 
electrocatalytic  electrode  due  to  its  low  cost,  superior  mechanical 
strength  and  especially  the  intrinsic  character  prone  to  adsorb 
hydroxyl  and  oxygen-containing  species  [23,24],  Hassan  [25] 
investigated  the  electrochemical  activity  of  electrodeposited 
Pt  and  Pt-Sn  nanoparticles  on  Ti  as  anodes  for  direct  methanol 
fuel  cells  and  reported  that  the  combination  effect  of  Pt,  Sn  and  Ti 
improves  the  catalytic  activity  and  stability  through  complete 
oxidation  of  intermediate  products.  Yi  et  al.  [26]  also  fabricated 
a  bimetallic  nano-catalyst  through  co-deposition  of  Pt  and  Sn 
on  a  Ti  surface  using  a  one-step  hydrothermal  method,  which 
exhibits  a  high  electrocatalytic  activity  for  the  formic  acid  and 
methanol  oxidation.  Electro-oxidation  of  methanol  was  also 
studied  on  the  Ti  mesh  coated  with  PtRu  [27],  the  platinized  Ti 


electrode  [28]  and  finely  dispersed  Pt  on  Ti  [29],  In  all  cases,  these 
Ti-supported  Pt  and  Pt-related  catalysts  reveal  an  enhanced 
catalytic  activity. 

In  the  present  study,  we  synthesized  a  novel  Pt-decorated  Ti 
catalytic  electrode  using  the  HEMAC  method.  To  our  best  of 
acknowledge,  this  is  the  first  attempt  to  extend  HEMAC  for  surface 
modification  of  catalytically  active  Ti-supported  electrode.  The 
physicochemical  properties  were  examined  by  thin-film  X-ray 
diffraction  (TF-XRD),  scanning  electron  microscopy  (SEM)  and 
energy  dispersive  X-ray  analysis  (EDX).  The  electrocatalytic  activity 
for  methanol  oxidation  was  evaluated  in  an  alkaline  media  by  cyclic 
voltammetry  (CV)  and  chronoamperometry  (CA). 

2.  Experimental 

2.1.  Preparation 

Disc-shaped  pure  Ti  substrate  (<t>14  x  2  mm,  99.95  wt.%  purity) 
was  mechanically  polished,  ultrasonically  cleaned  in  acetone, 
alcohol  and  ultra-purified  water,  and  then  dried.  The  micro-arc 
deposition  was  conducted  using  a  SQ-2  commercial  electric  spark 
alloying  apparatus  (Northwestern  Polytechnical  University,  China 
[30])  with  a  commercially  pure  Pt  rod  (<3>1  x  20  mm,  99.9  wt.% 
purity)  equipped  on  a  hand-held  gun  as  the  source  electrode.  The 
deposition  parameters  were  fixed  at  a  voltage  of  40  V  and  a  capac¬ 
itance  of  600  pF  in  a  controlled  argon  atmosphere  at  ambient 
temperature.  Fig.  1  shows  schematic  diagrams  of  the  principle 
working  circuit  of  HEMAC  apparatus  and  the  sketch  of  Pt  arc- 
depositing  process.  When  the  source  electrode  contacted  on  the 
substrate  surface,  micro-electric  arc  (spark)  with  high  temperature 
was  generated  due  to  the  occurrence  of  momentarily  short-circuit, 
resulting  in  partial  melting  of  both  electrode  materials.  Then,  the 
molten  metals  were  mixed  together  and  rapidly  solidified  to  form 
a  micro-crystalline  spot  region.  This  process  was  performed 
repeatedly  until  Pt  arc-deposited  throughout  the  whole  surface  of 
target  Ti  disk.  After  that,  the  Ptarc-depTi  sample  was  rinsed  using 
ultra-purified  water  and  dehydrated  alcohol. 

2.2.  Characterization 

Phase  identification  of  the  Ptarc_depTi  was  performed  on  a  thin- 
film  X-ray  diffractometer  (TF-XRD,  Shimadzu  XRD-7000)  with  Cu 
Ka  radiation  (A  =  1.5406  A).  The  top  surface  microstructure  and 
chemical  composition  were  characterized  using  a  field  emission 
scanning  electron  microscope  (SEM,  S-4800,  Hitachi)  and  an 
energy  dispersive  X-ray  (EDX)  analyzer  which  was  attached  to 
SEM. 

2.3.  Electrochemical  measurements 

Electrochemical  measurements  were  conducted  using  a  CS- 
350  Potentiostat.  The  as-deposited  Ptarc-dePTi,  an  Hg/HgO/KOH 
(1.0  M)  (MMO)  and  a  Pt  plate  were  used  as  working,  reference 
and  counter  electrode,  respectively.  Moreover,  a  bare  Ti  disk  and 
a  flat  Pt  sheet  with  an  area  of  1  cm2  were  also  chosen  as 
a  reference  to  compare  with  the  Ptarc-dePTi  sample.  All  potentials 
refer  to  MMO.  If  no  special  emphasis,  the  geometric  surface  area 
of  the  working  electrode  was  used  to  normalize  the  current 
densities.  Voltammetric  behavior  was  characterized  in  a  0.5  M 
KOH  solution  de-aerated  with  N2.  The  electrocatalytic  activity 
measurements  were  carried  out  in  0.5  M  KOH  solution  contain¬ 
ing  methanol  with  appropriate  concentrations.  All  electro¬ 
chemical  experiments  were  performed  at  ambient  temperature 
(~25  °C). 
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Fig.  1.  Schematic  diagram  of  Pt  arc-deposited  on  Ti  (Ptare_dl,pTi)  using  the  HEMAC  technique,  (a)  Principle  working  circuit  and  (b)  sketch  of  deposition  process. 


3.  Results  and  discussion 

3.1.  Surface  phase  constitution,  morphology  and  composition 
of  the  Ptarc-depTi  sample 

The  basic  principle  of  HEMAC  and  the  arc  deposition  scheme  of 
Pt  on  Ti  were  schematically  illustrated  in  Fig.  la  and  b.  The  details 
referring  to  this  surface  modification  technique  can  be  found 
elsewhere  [19—22],  Fig.  2  shows  the  macroscopical  surface  feature 
of  bare  Ti  substrate  and  arc-deposited  Ptarc-depTi  sample.  Before 
deposition,  the  Ti  disc  depicted  a  smooth  surface  (Fig.  2a).  After  arc 
deposition  of  Pt,  however,  an  evenly  distributed  Pt-related  cladding 
layer  with  a  rough  appearance  was  obtained  (Fig.  2b).  It  is 
observable  that  the  Ptarc-depTi  surface  consists  of  countless  fine 
spherical  clusters  with  a  pit-and-knap  structure. 

Fig.  3  shows  surface  XRD  pattern  of  the  Ptarc.depTi  sample. 
Although  some  diffraction  peaks  merged  together,  several  phases 
referring  to  Pt  and  Ti  can  be  clearly  identified.  By  comparing 
with  standard  lines,  it  indicates  the  surface  of  Ptarc-depTi  mainly 
comprises  Ti,  Pt,  Pt3Ti  and  PtTi3.  Based  upon  the  XRD  result,  it  is 
reasonable  to  assume  that  during  the  arc-deposition  process,  the 
partial  melting/alloying  of  Pt  and  Ti  contributes  to  the  formation 
of  these  Pt  or  Ti-involved  intermetallic  compounds  (i.e.  Pt3Ti,  PtTi3, 
etc).  Besides,  some  Pt  droplets  solidify  quickly  on  the  Ti  surface  to 
form  Pt  clusters  (Pt  phase)  while  the  Ti  signals  should  come  from 
the  substrate  due  to  the  micro-intervals  between  Pt  clusters. . 


Fig.  2.  Macrographs  of  (a)  bare  Ti  substrate  and  (b)  as-deposited  Ptarc_depTi  sample. 


Fig.  4  shows  top-view  SEM  micrograph  and  corresponding  EDX 
spectrum  of  the  Ptarc-depTi  sample.  As  shown  in  Fig.  4a,  it  is  clear 
that  the  surface  is  composed  of  numerous  craters/spots  with  sizes 
ranging  from  nano-scales  to  several  microns.  Typical  fine  and  large 
craters/spots  are  marked  by  an  upward  and  downward  arrow, 
respectively.  Normally,  the  micro-sparks  that  are  continuously 
struck  between  the  tip  of  Pt  anode  and  the  superficial  layer  of  base 
Ti  cause  molten  pools,  which  then  solidify,  with  the  associated 
shrinkage,  to  form  craters.  And  the  splash  spots  mainly  derived 
from  the  impact  of  the  accelerated  molten  Pt  droplets  by  the 
plasma  jet  on  the  substrate  at  high  velocity.  Thus,  the  typical 
craters/spots  appearance  is  the  main  feature  of  the  HEMAC 
technique.  At  a  higher  magnification,  some  tiny  cracks  are  visible 
on  the  surface  and  highlighted  by  arrows  in  Fig.  4b.  Commonly,  it 
is  believed  that  tensile  stress  is  the  direct  driving  force  of  cracking 
[22],  Parkansky  et  al.  [31]  investigated  the  build-up  of  residual 
tensile  stress  during  the  HEMAC  process  and  demonstrated  that 
the  predominant  stress  relief  and  surface  damage  mechanism  is 
surface  cracking.  It  is  noteworthy  that  the  residual  stress  in  the 
HEMAC  layer  is  always  tensile,  because  the  bulk  of  the  substrate 
is  cool,  while  the  newly  applied  layer  is  “hot”.  Therefore,  the 
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Fig.  3.  Surface  thin-film  XRD  pattern  of  Ptarc_depTi  sample. 
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Fig.  4.  (a,  b)  Top-view  SEM  micrographs  and  (c)  corresponding  EDX  spectrum  of  Pt^depTi  sample. 


existence  of  micro-cracks  herein  should  be  attributed  to  the 
release  of  thermal-induced  residual  tensile  stress,  which  derived 
from  rapid  solidification  of  molten  droplets  on  the  cold  substrate. 
According  to  the  corresponding  EDX  analysis,  the  surface  of 
arc-deposited  Ptarc-depTi  is  mainly  composed  of  Ti  and  Pt  with 
nominal  compositional  ratio  of  90:10  (at.  %).  Due  to  the  high 
compositional  ratio  between  Ti  and  Pt,  it  is  deduced  that  most 
of  Pt  sites  were  embedded  in  a  form  of  islands  surrounded  by 
widespread  Ti  ensembles,  which  is  also  consistent  with  the 
surface  XRD  result  mentioned  above. 

3.2.  Electrochemical  behavior  and  methanol  oxidation  on  Ptarc-depTi 
electrode  in  alkaline  media 

Fig.  5  shows  cyclic  voltammetry  (CV)  curves  for  the  bare  Ti 
substrate  and  Ptarc-depTi  electrodes  in  the  0.5  M  KOH  solution  at  a 
potential  scan  rate  of  50  mV  s  '.  Relative  to  the  bland  feature 
of  Ti  (Fig.  5a),  the  Ptarc-depTi  electrode  exhibits  the  typical 
electrochemical  characteristics  of  Pt-related  catalysts.  As  shown 
in  Fig.  5b,  three  distinct  electrochemical  regions,  including 
hydrogen  adsorption/desorption,  the  formation  and  reduction  of 
metallic  oxide,  and  a  non-Faradaic  double-layer  charging/dis¬ 
charging  between  them,  can  be  clearly  identified  from  the 
current  response  in  the  CV  curve.  In  detail,  the  region  in  the 
potentials  from  —0.7  to  -1.0  V  is  associated  with  the  hydrogen 


(Hupd)  adsorption/desorption,  and  is  normally  used  to  evaluate  the 
electrochemically  active  surface  area  of  Pt-based  catalysts  (EASAPt). 
Based  upon  the  adsorption-desorption  charge  conversion  factor 
of  Hupd  (210  pCcm-2),  the  estimated  EASAPt  was  calculated  to  be 
1.41  cm2  for  Ptarc-depTi  electrode.  It  is  puzzled  that  the  EASAPt  is 
just  comparable  to  the  geometric  area  of  Ptarc-depTi  electrode 
(1.54  cm2).  Based  upon  the  aforementioned  microstructural  anal¬ 
ysis  (XRD/EDX),  it  is  deduced  that  only  partial  section  of  Ptarc_dePTi 
surface  was  covered  by  Pt  nano/micro-scaled  spots  (islands).  Thus, 
the  EASA  of  active  Pt  sites  on  Ptarc_depTi  surface  is  reasonable  in  the 
present  case.  The  broad  plateau  at  ca.  -0.1  V  in  the  anodic  scan 
and  the  peak  at  ca.  -0.4  V  in  the  cathodic  scan  correspond  to  the 
oxidation  and  reduction  of  Pt-related  sites  on  the  PW-depTi 
surface,  respectively.  Relative  to  the  CV  curve  of  metallic  Pt  sheet 
(inset  of  Fig.  5b),  it  is  interesting  that  a  slightly  sloping 
voltammogram  is  present  for  the  Ptarc_depTi.  We  assume  that  this 
sloping  nature  is  possibly  due  to  the  intrinsic  surface  topography 
of  PW-depTi  with  scattered  Pt  islands  on  Ti  surroundings.  The 
partial  presence  of  as-evolved  Ti-oxides,  which  surrounds 
the  nano/micro-scaled  Pt  spots,  may  increase  the  resistance  of  arc- 
deposited  film.  Moreover,  a  relative  broad  profile  of  double-layer 
charging/discharging  should  also  be  attributed  to  the  existence 
of  Ti-oxides  in  the  island  gaps,  increasing  the  electrode  capaci¬ 
tance.  Of  course,  an  underlying  explanation  should  be  explored  in 
the  future  work. 
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Fig.  5.  CVs  of  (a)  bare  Ti  and  (b)  Ptarc_d(ipTi  electrode  in  the  0.5  M  KOH  solution.  Scan 
rate:  50  mV  s  Inset  in  (b)  is  the  typical  curve  of  Pt  sheet  electrode. 


Fig.  6.  (a)  CVs  of  bare  Ti  and  Ptarc_depTi  electrode  in  the  0.5  M  KOH  + 1.0  M  methanol 
solution  (inset:  the  magnified  curve  from  the  bare  Ti).  (b)  Comparison  of  EASApt- 
normalized  specific  activity  between  Ptarc-depTi  and  Pt.  Scan  rate:  50  mV  s 


Fig.  6  shows  the  CVs  of  methanol  oxidation  at  Ptarc-depTi 
electrode  in  the  0.5  M  KOH  + 1.0  M  methanol  solution.  Before  Pt 
arc-deposition,  it  displays  no  discernible  methanol  oxidation 
peaks  at  bare  Ti  electrode  under  the  same  test  conditions  (inset  of 
Fig.  6a  is  the  enlarged  CV  curve).  On  the  contrary,  two  well-defined 
anodic  oxidation  peaks  can  be  clearly  observed  in  the  CV  curve 
when  performing  methanol  electro-oxidation  reaction  at  Ptarc-depTi 
electrode  (Fig.  6a).  Here,  the  onset  potential  (Eop)  of  methanol 
electro-oxidation  at  the  Ptarc-depTi  electrode  is  located  at 
approximately  -0.71  V.  Moreover,  the  current  density  reaches  its 
climax  value  of  3.38  mA  cm-2  in  the  forward  scan  at  peak  potential 
( Ep )  of -0.38  V.  The  decrease  in  the  current  density  after  -0.38  V  is 
because  the  active  sites  on  the  surface  of  Pt  and  Pt-related 
intermetallic  compounds  are  being  oxidized  and  the  oxidized 
active  sites  have  no  activity  for  methanol  oxidation  [32],  The 
current  density  in  the  reverse  scan  starts  to  increase  at  the  potential 
of  —0.35  V,  which  is  consistent  with  the  reduction  of  Pt  oxide 
species  on  the  Ptarc_depTi  surface.  Following  the  reduction  of  Pt 
oxide  species,  the  active  sites  are  recovered  again  so  that  the 
adsorbed  intermediates  may  be  further  oxidized  to  generate 
oxidation  current  peak.  Therefore,  the  oxidation  current  peak  in  the 
forward  scan  (If)  corresponds  to  the  oxidation  of  freshly  chem¬ 
isorbed  species  coming  from  methanol  molecules,  and  is  normally 
used  to  evaluate  the  catalytic  activity  of  electrocatalysts  [33,34], 
Whereas,  the  current  peak  in  the  backward  scan  (ft,)  is  primarily 


associated  with  the  oxidative  removal  of  carbonaceous  species 
which  are  not  completely  oxidized  in  the  forward  scan.  And  thus, 
the  ratio  of  If/lb  is  used  to  describe  the  tolerance  to  accumulation  of 
carbonaceous  species  in  some  degree  and  is  a  rough  indicator  of 
the  efficiency  of  catalysts  [35,36].  In  order  to  evaluate  the  actual 
activity  enhancement  of  Pt  atoms  at  Ptarc_depTi  surface,  the 
EASApt-normalized  activity  for  methanol  oxidation  was  shown  in 
Fig  6b.  As  compared  with  the  Pt  counterpart,  it  still  exhibits 
a  slightly  higher  current  peak  (3.72  mAcm_2(Pt))  in  the  forward 
scan,  which  is  ca.  1.12  times  that  of  Pt  (3.31  mAcm_2(Pt)).  However, 
it  should  be  noted  that  the  Eop  and  Ep  of  methanol  oxidation  at  Pt 
sheet  is  located  at  —0.58  and  -0.30V,  exhibiting  a  positive  potential 
shift  of  130  and  80  mV  as  compared  with  those  of  Ptarc-depTi, 
respectively.  A  more  positive  value  of  E0p  and  Ep  indicates 
more  sluggish  oxidation  kinetics  at  Pt  electrode.  Moreover,  the  ratio 
of  If/lb  for  methanol  oxidation  at  Pt  electrode  is  merely  2.85  while 
this  ratio  can  reach  to  26  at  Ptarc_depTi  surface.  The  larger  If/lb 
ratio  also  suggests  the  superior  anti-poisoning  performance  of  the 
Ptarc-depTi  electrode. 

Fig.  7  shows  the  correlation  of  methanol  oxidation  at  Ptarc-depTi 
electrode  as  a  function  of  methanol  concentrations.  CV  curves 
shown  in  Fig.  7a  were  analyzed  for  the  Eop,  Ep,  If,  lb  and  If/Ib  ratio, 
respectively,  and  their  values  are  shown  in  Table  1.  It  is  clear  that 
the  E0p  shifts  negatively  with  increasing  methanol  concentrations. 
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Table  1 

Cyclic  voltammogram  parameters  of  methanol  electro-oxidation  at  Ptare-depTi 
electrode  in  the  0.5  M  KOH  with  different  methanol  concentrations. 


Craethanoi/M  Eop/V  Ep/V  /f/mAcm-2  Ib/mAcm-2  7f/Jb 


5  -0.68  -0.39 

0  -0.71  -0.38 

5  -0.74  -0.36 

0  -0.75  -0.35 

0  -0.77  -0.33 


132 

3.38  0.13  26 

4.22  0.22  19 

5.70  0.38  15 

8.26  0.72  11 


For  example,  Fu  et  al.  [42]  reported  that  the  bimetallic  core-shell 
Ni@Pt  catalysts  exhibit  an  enhanced  Ifl lb  value  for  methanol 
oxidation  in  alkaline  media  and  the  values  range  from  4.38  to  2.61 
by  gradually  modifying  Pt/Ni  atomic  ratios,  whereas  the  pure  Pt 
catalyst  has  a  much  lower  value  of  2.54.  Ou  et  al.  [43]  also  claimed 
that  Pt  electrodeposited  on  TiC  can  significantly  improve  the  ratio 
of  if//b  from  ca.  2  to  ca.  3.5  and  ascribed  this  enhancement  to  the 
special  anti-poisoning  character  of  TiC.  In  the  present  work,  it  is 
noticed  that  the  oxidation  peak  in  the  backward  scan  (fb),  which  is 
considered  to  be  proportional  to  the  accumulation  of  carbonaceous 
species,  is  even  hard  to  be  distinguished  in  the  methanol  solution 
with  a  low  concentration  (i.e.  0.5  M)  while  only  a  single  oxidation 
peak  appears  in  the  forward  scan  (/f).  In  the  1.0  M  methanol  solu¬ 
tion,  the  ratio  of  /f//b  can  reach  to  ~26.  With  increasing  methanol 
concentrations  from  1.0  to  3.0  M,  the  ratios  of  /f/Jb  gradually  reduce 
from  ~26  to  ~11.  It  agrees  well  with  the  fact  that  the  higher 
the  methanol  concentration,  the  more  severe  the  accumulation  of 
carbonaceous  species  on  the  catalyst  surface  is.  Fortunately,  the 
ratio  of  /f//b  is  still  as  high  as  ~11  at  a  higher  methanol 
concentration  of  3.0  M.  This  is  a  very  significant  and  exciting 
result,  as  it  indicates  the  better  carbonaceous  poisoning  tolerance 
of  Ptarc-depTi  electrode  in  methanol  electro-oxidation  reaction. 

Fig.  8  represents  the  plot  of  the  forward  peak  current  density  of 
methanol  oxidation  at  Ptarc-depTi  electrode  versus  the  CV  cycle 
number  in  the  0.5  M  KOH  +  1.0  M  methanol  solution.  It  is  clear  that 
the  peak  current  density  increases  gradually  with  the  increase  of 
cycle  number  over  the  first  50  cycles.  Thereafter,  the  peak  current 
density  is  found  to  be  stable  without  any  decrease.  The  decreasing 
trend  in  current  densities  with  the  number  of  cycles  as  observed  on 
other  platinized  electrodes  like  Pt  coated  on  glassy  carbon  (Pt-GC), 


Obviously,  the  kinetics  of  methanol  oxidation  reaction  can  be 
promoted  by  the  greater  availability  of  alcohol  molecules  on  the 
catalyst/electrolyte  interface  owing  to  the  higher  coverage  level  of 
reactant  molecules  on  the  Ptarc_depTi  surface.  In  addition,  the  If 
increases  significantly  with  increasing  methanol  concentrations 
from  0.5  to  3.0  M.  Besides,  the  Ep  slightly  moves  to  high  potentials 
with  increasing  methanol  concentrations.  As  shown  in  Fig.  7b,  the 
calibration  plot  further  confirms  a  good  linear  relationship  between 
oxidation  current  density  and  methanol  concentration,  indicating 
that  the  methanol  electro-oxidation  reaction  is  well-controlled  by 
the  methanol  concentration  at  Ptarc-depTi  surface. 

Additionally,  it  is  interesting  to  note  that  a  higher  /f/Jb  value  is 
present  for  methanol  electro-oxidation  at  Ptarc_depTi  as  compared 
with  those  reported  in  the  previous  work  [37-39],  Generally,  a  high 
/f//b  ratio  implies  relatively  complete  oxidation  of  methanol  to  CO2. 
In  the  case  of  Pt  catalyst,  the  /f//b  ratio  for  methanol  electro¬ 
oxidation  is  located  at  around  1.  In  some  well-decorated  or 
alloyed  Pt-M  bimetallic  catalysts,  the  value  of  /f//b  may  increase  to 
a  higher  level  due  to  the  fact  that  reaction  intermediates  (i.e.  CO- 
like  species)  can  be  efficiently  removed  in  virtue  of  the  introduc¬ 
tion  of  adjacent  oxophilic  transition  atoms  so  as  to  alleviate 
the  catalyst  poisoning  (so-called  bi-functional  effect)  [40,41], 


X  Wang  et  al.  /  Journal  of  Power  Sources  230  (2013) 


Pt/Ru-GC  and  Pt/Sn-GC  [44]  is  not  observed  in  the  present  case.  It 
indicates  that  there  exists  no  obvious  poisoning  of  Pt  active  sites 
at  Ptarc-depTi  surface.  Normally,  the  methanol  oxidation  reaction 
requires  the  co-adsorption  of  methanol  and  oxygen-containing 
species  (i.e.  OHads)  on  the  surface  of  catalyst.  Pt  can  adsorb  and 
dehydrogenate  methanol  at  relatively  low  potentials  but  it  cannot 
adsorb  OH  at  these  potentials.  It  is  therefore  the  objective  of 
research  on  bimetallic  catalysts  to  find  a  metal  that  can  adsorb  OH 
radical  or  any  other  oxygen-containing  species  at  relatively  lower 
potentials  [45].  During  the  electro-oxidation  reaction  at  Ptarc-depTi 
surface,  methanol  dehydrogenates  mainly  on  Pt  sites  resulting  in 
the  formation  of  chemisorbed  CO  on  Pt  (Pt-CO).  Based  upon  the 
intrinsic  oxophilic  character,  the  presence  of  surrounding  Ti  sites 
leads  to  the  formation  of  Ti-OH  functional  groups  at  low  over¬ 
potentials  where  CO  is  accumulated  on  Pt  sites.  The  Pt  sites  will 
be  regenerated  by  the  bi-functional  action  of  OH  group  present  on 
neighboring  Ti  sites  (Pt-CO  +  Ti-OH  ->  Pt  +  Ti  +  C02  +  H+  +  e~), 
and  thus  the  poisoning  can  be  eliminated  simultaneously  (inset  of 
Fig.  8). 

Chronoamperometric  technique  is  another  efficient  method  to 
evaluate  the  electrocatalytic  activity  and  stability  of  catalysts.  Fig.  9 
shows  the  typical  current  density-time  (i— t)  response  of  methanol 


t/s 


Fig.  9.  (a)  Chronoamperometric  curves  at  -0.4  V  for  4000  s  at  bare  Ti  and  Ptarc_depTi 
electrode  in  the  0.5  M  KOH  + 1.0  M  methanol  solution  (inset:  the  magnified  curve  from 
the  bare  Ti).  (b)  Comparison  of  EASApt-normalized  i—t  relationship  between  PtJrc-depTi 
and  Pt  (inset:  the  magnified  curve  from  the  Pt  sheet). 


oxidation  reaction  at  Ptarc-depTi  surface.  Compared  to  the  current 
density  obtained  at  Ptarc-depTi  electrode,  the  chronoamperometric 
curve  of  the  bare  Ti  even  displays  a  flat  profile  and  the  as-evolved 
oxidation  current  density  can  be  neglected,  indicating  that  the 
bare  Ti  is  inert  toward  methanol  electro-oxidation  (Fig.  9a).  In 
order  to  further  reveal  the  poisoning  tolerance  of  Pt  active  sites  at 
Ptarc-depTi  surface,  a  comparison  of  EASApt-normalized  i—t  curve 
between  Ptarc-depTi  and  Pt  sheet  was  also  depicted  (Fig.  9b).  During 
continuous  methanol  oxidation  at  the  catalyst  surface,  a  slow  decay 
of  oxidation  current  density  with  time  implies  the  formation  of 
some  Pt  (and/or  Ti)  oxides/hydroxides  and  adsorbed  intermediates 
if  the  kinetics  of  removal  reaction  could  not  keep  pace  with  that  of 
methanol  oxidation.  Nevertheless,  the  potentiostatic  oxidation 
current  density  is  obviously  larger  at  Ptarc-depTi  than  that  at  Pt  sheet 
over  the  test  range.  This  indicates  that  the  Ptarc-depTi  is  more  effi¬ 
cient  and  poisoning  tolerant  compared  to  Pt  in  alkaline  media, 
which  is  consistent  well  with  the  CV  analysis  mentioned  above. 

Generally,  the  activity  enhancement  could  be  explained  by 
geometric  (lattice  mismatch,  strain,  defects  and/or  dislocations, 
etc)  effects  and/or  electronic  (d-band)  effects  [46,47],  Mehandru 
et  al.  [48]  have  reported  that,  bonding  of  Pt  to  Ti  produces 
a  dramatic  decrease  in  density  of  states  (DOS)  near  the  Fermi  level 
and  an  increase  in  the  DOS  near  the  d-band  bottom.  The  equili¬ 
bration  of  Fermi  levels  leads  to  electron  flow  from  Pt  to  Ti  rendering 
Pt  slightly  positive.  This  deficiency  of  electrons  on  Pt  may  create 
d-band  vacancies  which  will  eventually  result  in  a  decreased  back 
donation  to  the  CO  bonding  orbital.  Similar  electron  deficiency  and 
decrease  in  back  donation  have  also  been  depicted  when  Pt  is 
alloyed  or  adjacent  with  Ru,  Fe,  Co  and  Ni  [49,50],  This  will 
subsequently  decrease  the  strength  of  Pt— CO  bonding.  Addition¬ 
ally,  the  slight  positive  charge  on  Pt  may  also  enhance  nucleophilic 
attack  by  water  which  in  turn  would  help  in  the  removal  of 
adsorbed  CO  on  Pt  sites.  It  should  also  be  pointed  out  that 
a  decrease  in  CO  desorption  temperature  has  been  reported  when 
Pt  is  loaded  onto  a  support  such  as  W,  Mo,  TiN,  WC  and  is  also 
explained  by  the  electron  deficiency  on  Pt  [51—54],  Furthermore, 
it  is  well-documented  that  electrocatalytic  activity  and  anti¬ 
poisoning  of  Pt  also  depend  on  the  crystallographic  structure 
and  strain  state  of  Pt  micro-crystallites  deposited  on  the  supports 
[55—58],  On  the  basis  of  these  studies,  it  is  reasonable  to  assume 
that  the  high  methanol  electro-oxidation  activity  especially  the 
promising  anti-poisoning  performance  of  Ptarc-depTi  electrode  may 
originate  from  the  following  structural  and  chemical  effects:  (1 )  the 
adjacent  Ti  may  alleviate  CO  poisoning  effect  on  Pt  owing  to 
a  similar  bi-functional  effect;  (2)  the  bonding  of  Ti  may  change  the 
electronic  structure  of  Pt  so  as  to  enhance  the  catalytic  activity  of  Pt 
toward  methanol  oxidation  as  well  as  the  CO  desorption;  (3) 
the  instantaneous  high-energy  arc-melt  following  by  rapid 
solidification  process  may  induce  distortion  of  lattice,  exposure  of 
high-index  facets  as  well  as  introduction  of  crystal  defects  to  supply 
much  more  active  sites.  Of  course,  the  in-depth  reason  should  be 
explored  relying  on  more  sophisticated  instruments  in  the  future 
work. 

4.  Conclusions 

Using  the  HEMAC  technique,  a  novel  Ptarc-depTi  electrode  was 
successfully  fabricated.  The  microstructural  characterization 
demonstrated  that  the  Ptarc-depTi  surface  mainly  comprises  Ti,  Pt, 
PtsTi  and  PtTi3.  Moreover,  a  coarsening  topographical  feather  can 
be  observed,  being  composed  of  numerous  craters/spots  with  sizes 
ranging  from  nano-scales  to  several  microns.  The  Ptarc.depTi  alle¬ 
viates  the  CO  poisoning  effect  with  a  higher  ratio  of  the  forward 
anodic  peak  current  (If)  to  the  reverse  anodic  peak  current  (/b) 
for  methanol  electro-oxidation.  The  superior  electrocatalytic 
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performance  of  Ptarc-depTi  may  be  ascribed  to  this  peculiar  HEMAC 
process,  which  brings  a  series  of  favorable  factors  such  as  alloying 
effect,  crystalline  defects,  and  so  forth.  The  HEMAC  approach  is 
generally  facile  to  be  implemented  and  thus  an  attractive  choice  for 
electrode  functionalization,  opening  up  enormous  opportunities 
for  platinum-related  technological  applications. 
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